Isolated corn (Zea mays L.) root protoplasts were used to study sucrose and hexose uptake. It is found that glucose was preferentially taken up by the protoplasts over sucrose and other hexoses. Glucose uptake showed a biphasic dependence on external glucose concentration with saturable (K,,.of 7 millimolar) and linear components. In contrast, sucrose uptake only showed a linear kinetic curve. Sucrose and glucose uptake were linear over a minimum of 1 hour at pH 6.0 and 1 millimolar exogenous sugar concentration. Glucose uptake showed a sharp 42C temperature optimum, while sucrose uptake showed a lower temperature sensitivity which did not reach a maximum below 50C. Uptake of both sugars was sensitive to several metabolic inhibitors and external pH. Differences between sucrose and glucose uptake in two different sink tissue (i.e. protoplasts from corn roots and soybean cotyledons) are discussed.
There are several possible pathways for photoassimilate (e.g. sucrose) unloading in sink regions of the plant (7) . In different species, different plant organs and, perhaps, even at different developmental stages in a single plant organ, a variety of unloading mechanisms may be observed. Sucrose hydrolysis in the free space is a necessary component ofoverall unloading in sugarcane parenchyma (11) , but not in sugar beet storage roots (26) or in developing soybean seeds (15, 21, 25) . Correspondingly, isolated sugarcane parenchyma protoplasts were found to take up hexoses specifically (11) while soybean cotyledon protoplasts preferentially absorbed sucrose over glucose (15, 21) .
Previously (7) we reported that, in corn, sucrose moves symplastically from stem to root tissues. Removal of the cell walls (and associated sucrose hydrolyzing enzymes) of root cells substantially diminished the ability of isolated root cells to absorb sucrose without diminishing the cells' ability to accumulate hexoses.
In this paper, we consider the properties of the hexose uptake system in corn root protoplasts in greater detail than in our previous work, and compare and contrast the sugar uptake properties in protoplasts derived from several sink tissues with different unloading pathways.
MATERIALS AND METHODS Protoplast Isolation. Root differ by a factor of up to about 4 (Fig. 1) , uptake of these three sugars by protoplasts in the presence of the uncoupler FCCP3 was identical, suggesting a similar permeability ofthe protoplasts to the sugars in the absence of active uptake and metabolism by the protoplasts. The difference in uptake rates seen in Figure 1 between 1-glucose and its nonmetabolized analog, 3-0-methyl-D-glucose, indicates the influence of metabolic conversions of absorbed D-glucose on the uptake of D-glucose. The greater uptake of 3-O-methyl-D-glucose as compared to sucrose, despite similar permeabilities of the two molecules (indicated by the identical uptake rates seen in the absence of metabolism and active uptake), suggests that there may be a specific uptake mechanism in the protoplasts which selects for hexoses (Dglucose and analogs) over sucrose. Figure 2 shows that, indeed, while sucrose enters as a linear function of external concentration, D-glucose and its nonmetabolized analog are accumulated as more complex functions of external sugar concentration. Over the range of 0 to 50 mm, uptake of 3-0-methyl-D-glucose appears to follow biphasic uptake kinetics consisting of the superimposed saturable and linear components observed in a number of uptake systems (5, 10, 11, 21, 25 similar to that for sucrose (Fig. 2) . This observed elimination of the saturable uptake component for 3-O-methyl-D-glucose uptake by competition with D-glucose suggest mutual transport on a saturable carrier and confirms the suitability of 3-0-methyl-D> glucose as an analog for D-glucose in uptake studies.
As might be expected due to the dissimilarities of uptake kinetics for 3-0-methyl-D>glucose and sucrose, the temperature dependencies for uptake of the two sugars differ markedly (Fig.  3) . A continual, gradual increase in sucrose uptake from a 0.5 mm solution is observed as the temperature increases from 6 to 50°C. Temperature has a more pronounced effect on uptake of 0.5 mM 3-0-methyl-D>glucose. Uptake increases more dramatically as temperature increases from 6°C, reaching a maximum at about 42°C, and then declines as temperature increases further.
Qio values were calculated as 1.56 (23-33°C) and 1.8 (30-40'C).
Glucose uptake has frequently been deemed active on the basis of its metabolic dependence and its transport against a concentration gradient (8, 12) . Although internal sugar concentrations in corn root protoplasts are unknown, the inhibitory effect of the uncoupler FCCP and the temperature response of 3-0-methylglucose uptake into isolated corn root protoplasts suggest that glucose uptake into these protoplasts is also an active process. To characterize the process further, the effects of several metabolic inhibitors and protein modifying reagents on uptake were investigated. As shown in Table I , the uncouplers DNP and FCCP strongly inhibited glucose uptake. DES and vanadate (ATPase inhibitors) as well as PCMBS and DCCD (proteinmodifying reagents) inhibited glucose uptake, although to lesser extents than the uncouplers. Cytochalasin B, which has been used to specifically inhibit the i)-glucose transporter in erythrocytes (2, 18, 22) also inhibited glucose uptake in corn root protoplasts (Table I) . However, the inhibition was nonspecific, with sucrose uptake being inhibited also (data not shown). Fusicoccin, an electrogenic proton efflux enhancer (13, 17) , stimulated glucose uptake by the root protoplasts to a rate twice that in its absence, confirming a 55 to 65% stimulation of 3-0-methyl glucose uptake into corn root segments previously reported (9, 10). Uptake of L-glucose (thought to cross the plasmalemma solely by simple diffusion; see Ref. 21 ) was unaffected by concentrations of FC, FCCP, and PCMBS which markedly affected uptake of 1-glucose (Table II (6, 9, 14, 20, 24) . The responses have been suggested to be due to availability of protons as a contransported substrate (1) or to effects of external pH on the carrier molecule itself (21) . In protoplasts isolated from immature soybean cotyledons, a tissue which absorbs sugars predominantly as sucrose, pH was shown to have a substantial effect on uptake of sucrose but not of glucose (15) . However, in protoplasts isolated from maize roots, a tissue which predominantly absorbs glucose but not sucrose (7) , increasing pH decreased the uptake of both glucose and sucrose (Fig. 4) , although not as dramatically as was observed in soybean cotyledon protoplasts.
Several sugars were examined for their ability to inhibit (compete with) uptake of 3-O-methyl-D-glucose in an attempt to define the structural recognition characteristics ofglucose carrier. With 3-O-methyl-D-glucose uptake measured from a 1 mm solution where total uptake would occur primarily (>80%) via the saturable component, the potential structural analogs at 25 mM inhibited uptake from 0 to 70% with D-glucose yielding the (Table III) . However, as had been reported earlier by Kennedy (9) in a study of sugar effects on trans-root potential in corn roots, no clear pattern of structural characteristics in the tested competitors could be noted, indicating, perhaps, that the sugar carrier in corn root shows little specificity among the hexoses tested. DISCUSSION Immature soybean cotyledons and young corn roots are both strong sinks for solute movement. However, the path of solute movement from the phloem to the ultimate sink is quite different in the two tissues. Since there are no symplastic connections between maternal and embryonic tissues in the developing soybean cotyledon (24) , solute movement into the cotyledons necessarily involves uptake from the apoplastic space. Sucrose, by far the major carbohydrate unloaded from the phloem into the apoplasm, is absorbed directly by cotyledonary cells without prior hydrolysis (24) . In contrast, we have recently shown that solute movement from phloem to sink tissue in young corn roots proceeds via a symplastic route (7) . Corn root cells were able to utilize exogenously supplied sucrose from the apoplast only after hydrolysis of the disaccharide to glucose and fructose (7) . Protoplasts isolated from these two tissues provide us with a unique opportunity to compare and contrast mechanisms of sugar acquisition from the apoplastic space of two widely different types of sinks.
In both types of sink tissue, sugar transport from the apoplast to the symplast is specific for one class of carbohydrate, either monosaccharides (glucose) in the case of corn root protoplasts, or disaccharides (sucrose) in the case of soybean cotyledon protoplasts. Other sugars may enter the symplasm of the cells but appear to do so only via a diffusive pathway. The primary transported sugars in both cases appear to be accumulated by multicomponent mechanisms comprised of simultaneously operating saturable and linear components. The saturable components are similar in affinity for the transported sugar ( (10 nM) was still saturating for the transport process. Second, the site of the membrane uptake process may not have been exposed to the full four orders of magnitude change in proton concentration. If the tonoplast and not the plasmalemma is the site of the glucose carrier, glucose would not be expected to respond as dramatically to changes in external pH since the pH of the cytoplasm does not change dramatically despite substantial changes in the pH of the suspending medium (Lin, unpublished data). A third possible explanation of the minimal pH effect on glucose uptake could be that, like glucose uptake by erythrocytes, glucose uptake by corn root protoplasts is not via a proton cotransport system, which appears to be inconsistent with the observations of Kennedy (9) on the transroot potential in maize. We cannot distinguish among these possibilities with the currently available data.
Thus, while the two systems for uptake of the predominant apoplastic sugar are similar in some aspects, they differ in aspects beyond solely sugar specificity. Clarification of whether the additional observed dissimilarities indicate differences in intracellular location of the transporter function or of fundamental differences in the mechanisms of the transporters awaits further experimentation.
